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Introduction
Heat island effect on subsurface temperature due to urbanization is one of the global environmental issues because population and density in cities increase rapidly all over the world, particularly in many Asian cities such as Bangkok. The main concern from an 15 environmental point of view is that the current urban transition is occurring much faster than ever before. The greater speed and numbers of this transition impose on Asia a much greater sense of urgency to identify and address the problems this transition brings.
Although global warming is considered a serious contemporary global environmental 20 issue, the discussion of the phenomena is limited to above-ground issues. However, subsurface temperatures are also affected by surface warming (Huang et al., 2000) . In addition, the "heat island effect" due to urbanization creates subsurface thermal contamination in many cities (Taniguchi et al., 2003) . The increased rate of surface and subsurface temperature in cities is thus caused by these combined effects.
urbanization. Studies on the effects of additional heat from urban area on subsurface temperature are limited, but have been done in some urbanized areas in Europe (Bodri and Cermak, 1999) and in Asia (Okubo et al., 2003) . However, previous studies of the effects of surface warming due to urbanization on subsurface thermal environment are limited to studies within local areas (Ferguson 10 and Woodbury, 2004) . Subsurface temperature can tell us the heat island effect due to urbanization without meteorological data, however few studies have been done. The purposes of this study are to compare the subsurface temperature in the city and in the suburb areas with distance from the city center as a function, to separate surface warming effects into global warming effect and heat island effect, and to evaluate the 15 development of heat island due to urbanization by using subsurface temperature.
Method and study area
The study area and locations of boreholes are shown in Fig. 1 . The topography in the coastal city of Bangkok is characterized by alluvial plain, and surface geology is an alluvium underlain by diluvial formation which consists of main unconfined and confined 20 aquifers. There are three main aquifers in Bangkok. The depth of each aquifer range from 100 m (Phra Pradacng aquifer) and 150 m (Nakhon Luang aquifer) to 200 m (Nonthaburi aquifer). Hydrogeology of Bangkok basin is described in detail by Sanford and Buapeng (1996) .
The average annual rainfall in this study area of Thailand is about 900 to 25 1400 mm/year. Due to its location in the tropics, temperatures are uniform throughout the year with very little seasonal variation around the mean of 28 
Subsurface temperature in city and suburb area of Bangkok
All temperature-depth profiles observed in Bangkok are shown in Fig. 2 . As can be seen from Fig. 2 , there is a variability in the profiles. One of the reasons of this variabil-
15
ity in temperature-depth profiles is the effect of regional groundwater flow (Taniguchi et al., 1999) . According to the Domenico and Palciauskas (1973), temperature-depth profiles with downward water fluxes in recharge areas are concave, and those with upward fluxes in discharge area are convex, though the temperature gradient is constant without vertical water flow. Subsurface temperature itself is higher in the discharge 20 area than in the recharge area of the groundwater flow system (Taniguchi et al., 1999) . The colder profiles are located in the recharge area, and warmer profiles are in the discharge area (Taniguchi et al., 1999, and Taniguchi and Uemura, 2005) . Although the temperature-depth profiles varied in a wide range in the city, synthesizing these data including recharge and discharge areas can tell us the average subsurface temperature EGU dard deviations and regional geothermal gradients are also shown in Fig. 2 . The averaged temperature-depth profile shows the evidence of the surface warming. The difference of extrapolated surface temperature between observed temperature and geothermal gradient is estimated to be 1.7
• C in Bangkok.
Air temperature records in two meteorological stations A and B in Fig. 1 are shown 5 in Fig. 3 . As can be seen from Fig. 3 , air temperature increased by 1.64
• C/50 y (R 2 =0.631) at A, the center of Bangkok, and does not change at B, located about 120 km north from the city center. According to the analyses of global trends of air temperature change by Hansen and Lebendeff (1987) , the magnitude of global warming is about 0.5
• C/100 y. The estimated increase in surface temperature from borehole 10 temperature by Huang et al. (2000) is also about 0.5
• C/100 y. Thus the increased air temperature in the city center includes not only global warming but also other factors. Bangkok was developed and urbanized rapidly during the last century in particular after World War II. Therefore, the most reasonable explanation for the increase in air temperature more than global warming ratio, is the urbanization of the city.
15 Figure 4 shows the change in population density in Bangkok depending on the distance from the city center (Murakami et al., 2005) . The population density of the area more than 5 km from the center increased with time since 1970s, though the density decreased from 1990 to 1998 inside the 5 km area from the center. Unfortunately, no such data exists before 1970s, however the trend of city expansion may be assumed 20 to be the same as a first order approximation.
The depth of minimum subsurface temperature in the profile depends on the magnitude of surface warming (Taniguchi et al., 2005) . Therefore, the depth of minimum temperature can be used as an indicator of the magnitude of surface warming including heat island effect due to urbanization. In Bangkok, some boreholes show minimum EGU the depth decreases with the distance from the city center, which shows that surface warming is larger near the center than in the surrounding area due to the heat island effect caused by urbanization.
Development of the city and subsurface temperature
In order to analyze the temperature-depth profiles, calculations of subsurface temper-5 ature have been made. Carslaw and Jaeger (1959) obtained the analytical solution for subsurface temperature using a one-dimensional heat conduction-advection equation under the condition of a linear increase in surface temperature as
where b is the rate of increase in surface temperature, t is the time after semi-10 equilibrium condition (Taniguchi et al., 1999) , T 0 is the surface temperature, T G is the general geothermal gradient, and U=vc 0 ρ 0 / cρ in whichv is the vertical groundwater flux (Darcy's velocity), c 0 ρ 0 is the heat capacity of the water and cρ is the heat capacity of the aquifer. The modeling is limited for semi-infinite layers with only vertical conduction and convection. Setting parameters as
• C/m, and U=0.0001 m/s (without groundwater flow), temperature-depth profiles are computed using (1). Scenarios of surface warming for the calculations are shown in Fig. 6 . In the three scenarios A, B, and C, the increase in surface warming at the city center is assumed to be 1.6
• C during the last 50 years (Fig. 3a) . As can be seen from the population change 20 from the city center to the suburb (Fig. 4) , the population density in Bangkok decreases exponentially with the distance from the city center. Although additional heat due to urbanization does not exactly correspond to the population, the change in population
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The results of calculations under the scenarios A, B, and C are shown in Fig. 7 . As can be seen from Fig. 7 , the depth apart by 0.1
• C from the steady thermal gradient decreases with the distance from the city center. Comparison between observed and calculated relationships shows that scenario B describes the most favorable agreement.
10
To separate the surface warming effects into global warming effect and heat island effect due to urbanization, the rate of global warming is assumed to be 0.3
• C/50 years (Hansen and Lebendeff, 1987; Huang et al., 2000) . According to scenario B, the location with increase in air temperature by 0.3 • C/50 years is about 80 km from the city center. Therefore, our analyses of subsurface temperature without air temperature 15 data shows that heat island effect due to urbanization reaches up to 80 km.
Conclusions
Analyses of subsurface temperature in Bangkok have been made to evaluate the effects of heat island due to urbanization. The conclusions of this study are summarized as follows; 20 1. The magnitude of surface warming evaluated from subsurface temperature at Bangkok was 1.7
• C which agreed with meteorological data during the last 50 years.
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